SUMMARY
High capacity power systems are loosely defined to be those required to deliver in excess of 25 kNe.
Obviously there is a certain amount of arbitrariness in such a definition, but it is a useful reminder that there has been essentially no in-space experience with power levels above 25 kW.
(Skylab had been designed with 20 kW, but provided only 12 kN on orbit because of a premature deployment and subsequent disablement of part of the array during the ascent phase.)
In what follows we shall review some of the more important generic mission drivers, discuss the issues that arise as a result, and investigate the technological development required of space photovoltaics if it is to compete effectively with alternative power system approaches for use on future missions. Some attention will be given in this discussion to total system requirements.
The intent is to develop the context within which space photovoltaic technology improvements must be pursued, and to display and evaluate more readily the potential impact on future mission capability that those technology improvements may have.
MISSION DRIVERS

Lunar/Mars Applications
While there are several possible future missions which will require power systems on the order of 25 kWe or more, we will focus our initial discussion on two potential scenarios currently receiving a great deal of attention within NASA -the creation of a permanent human presence on both Mars and the moon. The establishment of permanently manned Mars or lunar bases represents a formidable challenge to a broad spectrum of space technologies.
While all the technologies that will be required to sustain the evolution of such bases, from their initial establishment as outposts to their final manifestation as permanent, life-sustaining and productive habitats, are essential, the pacing technology for it all is the production of power.
A new aspect of these scenarios is that the "mission" requirements are no longer fixed, but will evolve over time. The advanced system uses an ultralightweight photovoltaic array and an advanced hydrogen-oxygen (H-O) regenerative fuel cell (RFC) for storage.
The figures of merit for both sub-systems are listed in table II. Table III compares the system mass for a state-of-the-art photovoltaic generation/battery storage power system sized to deliver lO0 kW to a lunar base with that projected for an advanced version of such a system. Two cases are considered for the 2 week lunar night: a lO0 percent duty cycle and a 20 percent duty cycle. Also shown is the mass saved in delivering the advanced system to LEO, along with the resulting number of HLV (Heavy Lift Vehicle) launches saved, under the assumptions given above.
The table provides compelling evidence that there is a substantial payoff to be had in developing the advanced PV/RFC technology, particularly when placed in the "operational" context of the weight saved at LEO. at projected space station altitudes.
For this reason it becomesimportant to minimize the cross-sectional area of the station, since the drag forces are directly proportional to it.
Here, too, photovoltaic power systems face serious competition, this time because of the physical size of a conventional silicon solar cell array.
Early space station system studies done internally for NASAshowedthat total mission costs of a space station equipped with a flat plate, single crystal silicon solar cell array would be excessive because of the continuing cost of reboost fuel resupply. As a result, the NASAspace station program elected to undertake development of a solar dynamic power source, which, by virtue of its presumably higher efficiency and lower drag area, is projected to have more favorable life cycle costs than a photovoltaic system. If photovoltaic systems are to compete effectively in this arena, improved photovoltaic/electrochemical storage systems are needed with orbital efficiencies approaching, and perhaps exceeding, 20 percent.
Clearly, a significant fraction of the advance must come from more efficient, higher energy density storage technology. Nonetheless, arrays with area specific powers approaching 300 W/m L must become available at reasonable cost to be able to challenge the competing technologies effectively.
Again, we shall deal with the question of what sort of PV technology developments are needed to achieve such performance in a later section of the paper.
Interplanetary Applications
An issue developing in the space science community at the present time is that of our ability to perform deep space missions.
Previous missions have been able to use radioisotope thermal generators, or RTG's, to provide payload power for journeys beyond Mars.
Although such systems are heavy, typically 3 to 5 N/kg, they are compact, and can be located at the center of mass of the spacecraft.
At issue is the continuing availability of such power sources during the next decade and beyond, particularly in the face of growing costs and reduced fuel element supplies.
Although not suitable for all such missions, photovoltaic power sources have the potential to meet some of the needs in this mission class. Figure 4 is a plot of very simple estimates of advanced technology specific power versus distance from the sun (l au = l earth radius (mean) from the sun) for several competing power systems.
An ultralight solar array at 300 W/kg at the earth's orbit could, in principal, provide power even in the vicinity of Saturn and be competitive with RTG's.
A great deal of detail has been left out of this comparison, and would need to be investigated -such things as environmental interactions, low temperature, low intensity solar cell operation, array survivability and operability, and so on. Although there is no mission push for such technology at the present time, demonstration of key elements of it would help to make it an available alternative for future consideration.
NASA Space Photovoltaic Research
The vast majority of space activities from now through the first decade of the 20th century, whether commercial, civilian, or military, will have power requirements in the range from a few hundred watts up to 20 or 30 kW. The key feature is that there will be hundreds of such missions, including interplanetary science, earth observation, and communication (both commercial and military), and as a result hundreds of kilowatts to megawatts of space power will be needed in that timeframe.
Clearly it will become imperative to improve The locations of the bandgaps of Si, GaAs and InP are shown on the figure.
Reason for the interest shown in GaAs by the space community is self-evident: it has a higher theoretical efficiency than silicon.
An important property not depicted by this curve, however, is the efficiency of a solar cell after exposure to the naturally occurring charged particle radiation found in the space environment (primarily trapped electrons and protons, and solar flare protons).
Calculations predicting that behavior are difficult to make, with the result that any new cell mateFial and/oF design must undergo radiation testing to determine its spaceworthiness.
Such testing is usually done in ground-based facilities, since the cost of spaceflight testing and verification is extremely expensive, and opportunities are limited. However, ground-based experiments suffer from some uncertainty because it is simply not possible to duplicate the particle and energy distribution that may be encountered at various orbits and at various times.
Only after years of effort has it become possible to refer to an equivalent radiation dose for silicon solar cells using l MeV electrons from an accelerator.
For example, it is now accepted that the accrued damage in a silicon solar cell after exposure in an accelerator to a I MeV electron fluence of 3xlO 14 cm -2 is equivalent to that acquired after seven years in geosynchronous orbit with a 250 Nm coverglass on the cell (ref. 6).
It is also common practice to quote the behavior of other cell types after exposure to the same laboratory fluence, so that initial performance comparisons can be made.
The uncertainties caused by this approach can only be to proton damage as well, the possibility exists to produce high efficiency, high specific power, radiation hard solar arrays for use in high radiation environments.
Projected specific power for such arrays range as high as lO0 N/kg, and with advanced storage capabilities, radiation insensitive earth orbiting system specific powers of 50 W/kg are a possibility.
Realization of such goals would make photovoltaic power systems strong competitors to the other technologies now under investigation.
GaAs and Other Advanced III-V Solar Cells
The list of advanced solar cell candidates currently under investigation for space use is quite extensive, and cannot be discussed in detail here. Of interest, however, is the development of the silicon point contact solar cell, for two reasons (ref. ll).
The first is the cell itself, which, with its high efficiency, could find use in radiation benign missions, or perhaps in a system which provides suitable protection from space radiation, such as in a concentrator array.
Clearly, the sensitivity of that cell to radiation damage is a major issue.
The second is whether that design could be utilized in any of the III-V cell materials, such as GaAs and InP. Neizer and Godlewski have shown that efficiencies exceeding 25 percent AMO are possible at one sun in such a cell, based on material and operating parameters already achieved in laboratory devices (ref. 12) . Developing such a cell for use in concentrated sunlight could well result in efficiencies above 28 percent AMO.
Again, a key issue to be addressed is the radiation tolerance of such a device, since its successful operation is critically dependent on maintaining diffusion lengths long enough to provide good current collection.
A projected design calls for approximately l percent coverage by the dot junction area to achieve high open circuit voltage.
If the dots are l _m in diameter, diffusion lengths on the order of lO0 _m will be required.
It is encouraging that such numbers have been observed in very pure, lightly doped material (ref. 13 In this case the top cell must have about 20 percent conversion efficiency, with the remainder coming from the I.I eV bottom cell.
The figure also makes clear the desirability of using four instead of two terminals:
there is a wider range of acceptable bandgaps for the former case. Of even more importance, a four terminal cell will have a greater tolerance for radiation-induced damage.
The reason is straightforward -a two terminal cell requires current matching between top and bottom cell for optimum performance. Anything, such as radiation damage, which causes a mismatch will lead quickly to degraded total perfo(mance.
In a four terminal configuration, however, the two cells are electrically independent of each other so that the effect will not be compounded as rapidly.
Complexity will increase at the array level somewhat because essentially two power conditioning circuits must be employed, but the presumption is that the increased performance will be worth the extra effort.
Also of interest is the performance that might be achieved by combining a dot junction GaAs concentrator ceil with a slightly lower bandgap bottom cell of, e.g., InGaAs.
A combination of full surface area junctions could well exhibit 30 percent efficiency under concentration, and output should be enhanced by the dot geometry to something well in excess of that.
Even assuming that practical efficiencies require discounting the calculations by a few percentage points, efficiencies in the low-to mid-30 percent range could be feasible.
Space Concentrator Arrays
A key element in much of what has been discussed above is the use of concentrated sunlight for space power systems.
Properly designed concentrator arrays can provide substantial benefits for space power systems in terms of radiation protection and increased efficiency, and there is a major development program underway at the present time by the Air Force to demonstrate such technology (ref. 15). As presently envisioned, such arrays offer no improvement in specific power.
They will be less than 30 W/kg, making them comparable to currently flying planar arrays.
Meeting the space power system performance goals outlined earlier in this paper will require the development of space-qualified, lightweight, low cost, higher efficiency, refractive optical elements, and low mass, high strength array structures.
The increased optical efficiency of a refractive element compared to a double reflecting element is an enabling factor for array area specific powers approaching 300 W/m 2, and power to mass ratios approaching lOO W/kg. However, the burden of radiation resistance will still be a major cell issue, and is the reason for considering InP cells in this context.
The degree of shielding provided by an advanced concentrator array will most likely be lower than that envisioned for some of the current reflector designs, which rely on heavy optical elements for shielding. The space survivability of materials suitable for making such lenses is a major issue yet to be addressed, but the potential payoff in improved system performance is significant.
CONCLUSION
We have reviewed briefly the nature of the requirements that must be addressed for the successful continued application of photovoltaic power generation in space.
The issues are challenging, but overcoming them should provide significant new capabilities for a variety of future space missions. ., ' 
